Objective: To assess the effects of different bariatric surgical procedures on the treatment of obesity and insulin resistance in high fat diet-induced obese (DIO) mice. Background: Bariatric surgery is currently considered the most effective treatment for morbid obesity and its comorbidities; however, a systematic study of their mechanisms is still lacking. Methods: We developed bariatric surgery models, including gastric banding, sleeve gastrectomy, Roux-en-Y gastric bypass (RYGB), modified RYGB (mRYGB) and biliopancreatic diversion (BPD), in DIO mice. Body weight, body fat and lean mass, liver steatosis, glucose tolerance and pancreatic beta cell function were examined. Results: All bariatric surgeries resulted in significant weight loss, reduced body fat and improved glucose tolerance in the short term (4 weeks), compared with mice with sham surgery. Of the bariatric surgery models, sleeve gastrectomy and mRYGB had higher success rates and lower mortalities and represent reliable restrictive and gastrointestinal (GI) bypass mouse bariatric surgery models, respectively. In the long term, the GI bypass procedure produced more profound weight loss, significant improvement of glucose tolerance and liver steatosis than the restrictive procedure. DIO mice had increased insulin promoter activity, suggesting overactivation of pancreatic beta cells, which was regulated by the mRYGB procedure. Compared with the restrictive procedure, the GI bypass procedure showed more severe symptoms of malnutrition following bariatric surgery. Discussions: Both restrictive and GI bypass procedures provide positive effects on weight loss, fat composition, liver steatosis and glucose tolerance; however, in the long term, the GI bypass shows better results than restrictive procedures. (Ann Surg 2011;254:73-82) O besity is associated with an increased risk of developing type 2 diabetes mellitus (T2DM) and cardiovascular disease. It has been described as the greatest current threat to human health and represents a major public health crisis. 1-3 Bariatric surgery is currently considered the most effective treatment for obesity and its comorbidities. 2,4 Beneficial effects of bariatric surgery include weight loss, reduced insulin resistance, and decreased risk factors for cardiovascular disease. 2 On the basis of the nutrient pass patterns, bariatric surgery is divided into 2 classes: restrictive procedures (eg, gastric banding and sleeve gastrectomy) and gastrointestinal (GI) bypass procedures (eg, Roux-en-Y gastric bypass, RYGB, and biliopancreatic diversion, BPD). Gastric banding is a purely restrictive procedure, and other surgeries, including RYGB and BPD, however, produce age the mice were placed on a 60% Kcal fat diet (Research Diets, Inc.) for 12 weeks to establish DIO. The mice were maintained on the same high fat diet after bariatric surgery. All experiments and surgical
restrictive diet intake and malabsorption. Both restrictive and GI bypass procedures produce significantly greater weight loss and more profound improvements in glucose tolerance than medical treatments. 5, 6 However, the degree of improvement varies with the type of procedure used and the precise techniques utilized.
The mechanisms of the metabolic and cardiovascular improvements associated with bariatric surgery are not clearly defined. Although weight loss is associated with commensurate decrements in insulin resistance, recent clinical results suggest that the GI bypass, in contrast to the restrictive procedure, normalizes insulin sensitivity even before achievement of ideal body weight. 7, 8 A weightindependent response has been thought to initiate this amelioration in insulin resistance. Research has been carried out on a variety of large animal models of bariatric surgery, including the pig and dog. [9] [10] [11] These experiments support the notion that weight loss is related to reduced stomach volume and changes in the regulation of intestinal hormones. However, the mechanisms of bariatric surgery on glucose metabolism, and on hormone secretion and action remain to be elucidated. A bariatric surgery model has been developed in rats and recent findings from these studies show changes in meal patterns, satiety, food choice, glucose metabolism and energy expenditure. [12] [13] [14] These studies concluded that the improvement in glucose tolerance is due to increased insulin sensitivity. However, systematic studies that compare different effects of restrictive and GI bypass surgeries on weight loss and glucose metabolism remain to be performed. We have developed a repertoire of mouse bariatric surgical models to provide tools to study the physiology of bariatric surgery that can be applied to the vast number of genetic mouse models of metabolic disease. The application of bariatric surgical techniques to genetic mouse models provides a unique opportunity to test the mechanisms associated with the effects of bariatric surgery on glucose metabolism and hormone action, and elucidates the neural and immunological effects of bariatric surgery.
In this study, we developed bariatric surgery models in high fat diet-induced obese (DIO) mice. The models include (i) gastric banding, (ii) sleeve gastrectomy, (iii) RYGB, (iv) modified RYGB (mRYGB), and (v) BPD. We evaluated the feasibility and reliability of different bariatric surgery models. We investigated the shortand long-term impacts of bariatric surgery on weight loss, glucose tolerance, pancreatic beta-cell viability and liver steatosis.
Bariatric Surgical Preparations
Animals were fasted for 4 to 6 hours before the surgical preparations. Anesthesia was induced and maintained throughout the procedure with isoflurane (2%-3% with O 2 ). Following aseptic preparation a midline laparotomy was performed to gain exposure to the GI tract. At the conclusion of the bariatric procedure, the midline incision was closed and the mice were recovered on a water-circulated heating pad. Body weight and body composition were evaluated after surgeries. In the selected mice, glucose tolerance, liver steatosis and complete blood count (CBC) were also examined compared with naïve lean (C57BL/6) mice and DIO mice without surgeries.
Gastric Banding
The gastroesophageal junction was isolated and an elastic silicon rubber string (0.23 mm) was placed around the gastroesophageal junction ( Fig. 1A) . The ends of the string were tied together to form an elastic circular band with the tension of the band adjusted such that the expansion capacity of the junction is restricted as food passes into the stomach. This procedure is purely a gastric restrictive procedure. Sham procedures involved the mobilization of the esophagus and stomach, and the silicone string was placed around the gastroesophageal junction, tied and then removed.
Sleeve Gastrectomy
The procedure removed the greater curvature and the entire fundus (70%-80% of total stomach, which includes 90% of the forestomach and 70% of the glandular stomach). A gastric tube was fashioned along the lesser curvature with the incision line starting at the body, 1 cm distal to the gastroesophageal junction and extending to around 1 cm proximal to the pylorus along the lower great curvature. The stomach tube (1 cm in diameter) was closed using 9-0 Ethilon sutures ( Fig. 1B ). In this fashion, gastric continuity is maintained and the greater curvature region of the stomach was eliminated. In the sham procedure, the stomach, duodenum and jejunum were mobilized and the stomach was clamped without incision.
RYGB
The upper gastrointestinal anatomy of the mouse does not permit the replication of the procedure that is utilized in humans. We developed a procedure that closely resembles RYGB by ligating the stomach between the glandular portion and the gastric fundus (forestomach). A portion of the jejunum, 4 cm from the Ligament of Treitz and 6 cm from the site of gastroenterostomy, was transected. The distal segment was anastomosed to the forestomach using 9-0 Ethilon in a side-to-side fashion. GI continuity is established by performing a side-to-side jejuno-jejunostomy (Fig. 1C ). The sham procedure involved mobilization of the forestomach and proximal and distal jejunum and ileum without any intersection.
Modified RYGB (mRYGB)
mRYGB was developed because the forestomach of the mouse lacks sufficient muscle to push nutrients through the anastomosis in an RYGB procedure, resulting in a high mortality within a few days of surgery. mRYGB was performed in a similar fashion to the RYGB, but the upper side-to-side anastomosis of the jejunum was performed with the lower portion of the esophagus. The stomach ligation was accomplished by placing a suture to close the gastroesophageal junction distal to the anastomosis. The distances of jejuno-jejunostomy to the Ligament of Treitz and the site of gastroenterostomy are 4 and 6 cm, respectively, as described in Figure 1D . The sham procedure included isolation of the esophagus, stomach and proximal and distal jejunum without any intersection and anastomosis.
Biliopancreatic Diversion (BPD)
A portion of the jejunum, 4 cm from the Ligament of Treitz and 12 cm from the site of gastroenterostomy, was transected. The distal segment was anastomosed to the greater curvature of the stomach using 10-0 Ethilon in a side-to-side fashion. Continuity of the GI tract was established by performing a side-to-side anastomosis. This procedure results in an isolation of the duodenum and uppermost segment of the jejunum from the GI tract. Unlike the human procedure, the proximal duodenum is ligated at the pyloric-duodenal junction using 6-0 silk, but not transected as shown in Figure 1E . The sham procedure involved isolation and mobilization of the stomach, proximal and distal jejunum and ileum without any intersection and anastomosis.
Gastrointestinal Imaging Following Bariatric Surgery
We evaluated GI continuity by imaging with contrast 14 days after the bariatric procedures. Mice were fasted 6 hours before imaging (MicroCat-II, Siemens) and anesthetized with isoflurane. Contrast (Optiray 320) was administered by gavage with a volume of 0.8 mL and continuous imaging was performed.
Whole Body Composition
Body mass was measured using mq10 NMR analyzer (Bruker Optics Inc, Billerica, MA) after 2 hours of fasting. The NMR analyzer allows for the measurement of whole-body composition parameters, including total body fat, muscle and body fluids, in conscious rodents. 17 Fat, muscle, and body fluids were calculated as grams of total mass.
Intraperitoneal Glucose Tolerance Tests (IPGTT)
Mice were fasted for 4 hours before the IPGTT. Blood was sampled from the tail vein before and at 30, 60, 90, and 120 minutes after an intraperitoneal injection of 2 mg/g body weight of dextrose (20%). Blood glucose levels (mg/dL) were measured using a blood glucose meter (SureStep, Lifescan, Inc.). The area under the cure (AUC) was calculated using the trapezoidal rule. 18
Bioluminescence Imaging (BLI)
BLI was performed under anesthesia with isoflurane. Luciferin (Roche Diagnostics, Indianapolis, IN) was injected intravenously at a dose of 50 mg/kg. Mice were housed inside a light-tight box and imaged with an ICCD camera (Hamamatsu C2400-32, Hopkinton, MA). Light emission through the ventral body was detected as photon counts over a standardized area of the organs of interest using the ARGUS-50 software for image processing. [19] [20] [21] Islet viability was evaluated by BLI analysis using FVB mice expressing luciferase under the control of a mouse insulin promoter (MIP-luc). MIP-luc mice were fed a high fat diet for more than 12 weeks and subjected to BLI examinations. NF-kB activation in the abdomen was measured by BLI using NF-κB-luc mice.
Pathological Examination
Selected mice were sacrificed and the livers were collected for pathological examinations (H&E) after bariatric surgery. Liver histopathological features were evaluated by Brunt's grading. Significant lesions included steatosis, ballooning, and intraacinar and portal inflammation; and the lesions were graded as mild (1 + , up to 33%), moderate (2 + , 33-66%), and severe (3 + , >66%). 22
Statistics
Statistical significance was analyzed using ANOVA test (Statview 4.5, Abacus Concepts, Berkeley, CA). P value of < 0.05 was considered significant. For in vitro data analysis, results are presented as mean ± SEM, and comparisons between the values were performed using the 2-tailed Student's t test.
RESULTS

Development of Mouse Bariatric Surgery Models
We have developed bariatric surgery models in mice that correspond to the surgical approaches used in humans. Each surgical procedure uniquely reconfigures the GI tract such that the physiological roles of specific segments (eg, stomach, duodenum and jejunum) can be isolated and characterized (Fig. 1 ). The banding procedure is usually considered a relatively simple restrictive procedure; however, it is difficult to define the banding tension (diameter) of the lower esophagus in mice. Of banding-treated mice (n = 12), no mouse died of surgical procedure; however, 4 mice (33.3%) died of banding restriction within 1 month postsurgery when the ligation was too tight. Another 4 mice (33.3%) with the banding procedures failed to produce weight loss due to ineffective banding (Table 1 ). Surgical success rate of sleeve gastrectomy was 100% (n = 14). In the RYGB procedure, the forestomach of the mouse lacks the elasticity and motility to develop pressures necessary to force the meal past the anastomosis, resulting in high mortality from gastric obstruction. Surgical success rate of RYGB was 87.5% (7/8); however, 2 mice died and 5 mice required euthanization due to the obstruction and severe malnutrition 2 weeks postsurgery. We modified the procedure by the anastomosis of the jejunum to the lower portion of the esophagus and animals with the mRYGB could eat and drink freely. Surgical success rate was 75% in 12 mRYGB-treated mice and 3 of 9 mice died of severe malnutrition (33.3%). Although success rate of BPD was 90% (9/10), most of the mice (8/9 or 88.9%) died of severe malnutrition (Table 1) . Thus sleeve gastrectomy and mRYGB represent reliable mouse gastric restrictive and GI bypass models, respectively. Normal contrast-enhanced CT examinations in bariatric surgical procedures confirmed the specific GI reconfiguration along with GI continuity resulting from the specific bariatric surgical procedure ( Fig. 2 ). Slight reduction of stomach volume was observed in the gastric banding procedure (Banding). The stomach volume was significantly reduced in sleeve gastrectomy (Sleeve) and RYGB procedures. The contrast passed directly into the jejunum in mRYGB procedure. No bowel obstruction or anastomotic leaks were observed.
Effects of Bariatric Surgery on Total Body Weight Loss and Changes in Fat Mass
The bariatric surgical procedures resulted in weight loss in all mice. The sham procedures did not result in significant weight loss. There were no significant differences in body weight or glucose tolerance tests among the different sham procedures; thus, data collected from all sham surgeries was pooled and are referred to as "sham." Both restrictive and GI bypass procedures produced weight loss (P < 0.05 in all groups, compared with untreated and sham-treated DIO mice at all time points, postsurgery). The most significant weight loss was observed in mice with GI bypass procedures (mRYGB and BPD) as compared with restrictive procedures (banding and sleeve, Fig. 3A) .
Our results show that fat mass in DIO mice was significantly higher than that in lean mice and there was no significant difference of lean mass ( Fig. 3B and C) . Within 1 week, bariatric procedures resulted in significant reductions in fat mass with the most prominent results achieved with mRYGB and BPD, followed by sleeve gastrectomy and banding. There were no significant differences in lean mass among the groups (Fig. 3C) . Although the sham surgery also impacted body mass, it was comparable to untreated DIO mice after 2 weeks of surgery.
Liver steatosis is a morphological pattern of DIO liver and may progress into steatohepatitis. 23 To test whether bariatric surgery can improve liver steatosis, we harvested livers at 4 and 8 weeks, postsurgery, for pathological examination (H&E). According to the standards of liver steatosis grading, 22 the severity of all DIO livers were graded 2 to 3 (ie, moderate to severe lesions, ≥66% of hepatocytes are affected). Liver steatosis was significantly improved by sleeve gastrectomy and mRYGB procedures at 4 weeks (0-1), compared with untreated and sham-treated DIO liver (Fig. 3D ). However, mRYGB, but not sleeve gastrectomy, persistently improved liver steatosis at 8 weeks, postbariatric surgery.
Bariatric Surgery Improves Glucose Tolerance and Regulates Pancreatic Islet Viability
Untreated DIO or sham surgery DIO mice showed glucose intolerance, compared with chow-fed mice (naïve B6) mice, as evidenced by abnormal IPGTT. Sleeve gastrectomy improved glucose tolerance in the early period (less than 4 weeks); however, there was no significant difference between untreated DIO mice and sleeve-treated DIO mice at 8 weeks, postsurgery. mRYGB and BPD procedures persistently improved glucose tolerance ( Table 2 -5) .
The effect of high fat diet and bariatric surgery on the viability of pancreatic islets was examined. Enhanced luciferase activity was observed in DIO mice, compared with regular chow-fed mice of the same age (lean, Fig. 4 ), suggesting that DIO induces over-activation of pancreatic beta-cells. The luciferase activity was reduced in sleeve gastrectomy and mRYGB groups (versus untreated DIO mice, P < 0.05 and <0.01, respectively) at 4 weeks, postsurgery. However, mRYGB procedure, but not sleeve gastrectomy, persistently improved beta cell function 8 weeks after surgery ( Fig. 4) . 
DIO Induces Elevated NF-κB Activation
BLI was performed using NF-κB-driven luciferase transgenic mice. NF-κB activation was increased in the abdomen of DIO mice (ROI, 10.5 × 10 6 ), compared with regular chow-fed mice (ROI, 1.14 × 10 6 , P < 0.001). All bariatric surgical procedures resulted in significant activation of NF-κB, with the mRYGB causing the highest activation; the activation was ameliorated 1 week after all bariatric procedures with the highest effect noted after mRYGB (Fig. 5 ). 
Complications of Bariatric Surgeries
The bariatric procedures were not associated with shortterm complications (eg, bleeding, leaking, infection and intestinal obstruction) ( Table 1 ). The CT imaging examinations showed the patterns of bariatric surgery without leaking and obstruction of the digestive system (Fig. 2) . The bariatric surgical procedures were associated with significant long-term complications, primarily malnu-trition. Consistent with human data, [24] [25] [26] GI bypass procedures, and most prominently BPD and mRYGB, resulted in more severe anemia than noted with the restrictive procedures (gastric banding and sleeve gastrectomy). Compared with naïve lean mice (50.5% ± 3.2), hematocrit levels at 1 month were 22.0% ± 5.5 after RYGB (P < 0.001), 19.5% ± 3.5 after BPD (P < 0.01), 38.4% ± 3.5 after sleeve gastrectomy (P = 0.414), and 33.8% ± 6.8 after gastric banding mice Copyright © 2011 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
(P > 0.05, Fig. 6 ). Mice with GI bypass procedures (mRYGB and BPD) experienced reduced percentages of red blood cells (RBCs, 6.4 and 3.7, n = 2), hemoglobin (HB, 7.9 and 4.5, n = 2) and mean cell volume (MCV, 35.5 and 29.7, n = 2). Additional symptoms of malnutrition included hair loss and significant weight loss 2 to 8 weeks postsurgery. 40% (mRYGB) and 80% (BPD) of the mice presented symptoms of severe malnutrition (Table 1) .
DISCUSSION
Bariatric surgery is the most effective treatment for morbid obesity. 2, 4 Gastric banding, RYGB and sleeve gastrectomy are widely used in the U.S. for the treatment of obesity and its comorbidities, with some centers performing BPD. A rat bariatric surgery model has been developed and used to support the notion that improvements in weight loss and diabetes are related to a variety of factors, including reduced stomach volume, changes in the regulation of intestinal hormones and increases in insulin sensitivity. 9, 14, [27] [28] [29] [30] [31] We have developed 5 different bariatric surgery models in DIO mice. Our results are similar in many respects to those obtained in human subjects following the commonly used bariatric procedures, namely gastric banding, sleeve gastrectomy, RYGB, mRYGB and BPD. However, in our mouse bariatric surgeries, sleeve gastrectomy and mRYGB represent reliable restrictive and GI bypass models, respectively, due to higher surgical success rates.
It is clear from our studies that both restrictive and GI bypass procedures produce positive effects on weight loss, fat composition and glucose tolerance in the short term (4 weeks); however, in the long term (8 weeks), restrictive procedures were least effective in decreasing body weight and body fat, whereas GI bypass procedures were quite effective in treating obesity and insulin resistance. It is important to note that our model of mRYGB is a modified one, which requires the anastomosis of jejunum directly to the esophagus and differs from the human RYGB model where the jejunum is anastomosed to a small gastric pouch. Although RYGB and BPD resulted in significant losses of body weight and fat mass, mRYGB procedure produces the similar positive effects in the treatment of obesity and insulin resistance without the high mortality. It is also important to note that although the mouse BPD model was the most effective in treating obesity, it was associated with a much higher incidence of malnutrition and mortality. Human data suggest that BPD is extremely effective in ameliorating diabetes as 90% of patients have normoglycemia and increased insulin sensitivity up to 20 years, postsurgery. 32 Several studies have shown that bariatric procedures, and most significantly RYGB and BPD, ameliorate insulin resistance associated with obesity and reverse type 2 diabetes mellitus 33 through poorly understood mechanisms. Several of the studies have shown that the improvements associated with bariatric surgery are not solely related to weight loss. Our results offer some insight into potential mechanisms for which the models developed here can be used to gain further understanding. Abdominal adiposity significantly affects both lipid (FFAs) and glucose metabolism and, thus, is closely associated with insulin resistance. 34, 35 Recent findings suggest that high intrahepatic fat, but not visceral fat, is the primary marker of metabolic complications of obesity. 36, 37 Additionally, fatty liver or nonalcoholic fatty liver disease (NAFLD) is increasingly recognized as a condition associated with obesity that may progress to end-stage liver disease. Whether or not bariatric surgery has beneficial effects on patients with NAFLD is impossible to assess at this time due to the lack of clinical studies. The current study suggests that severe liver steatosis is observed in DIO mice and that bariatric procedures, especial mRYGB, significantly improve liver steatosis. The improvement of fatty liver in DIO mice is associated with improved glucose tolerance as evidenced by a diminished glycemic excursion in response to an IPGTT in bariatric surgery-treated DIO mice. Although both restrictive and GI bypass procedures exerted positive effects on glucose tolerance, in the long term, improved glucose tolerance and liver steatosis were observed in mRYGB-treated DIO mice, suggesting that the GI bypass procedure seems to be more effective than the restrictive procedure in treating insulin resistance.
Obese subjects maintain normoglycemia for a sustained interval before the onset of frank T2DM. This is presumably due to hyper-secretion of insulin that is sufficient to overcome insulin resistance. The availability of genetically modified mice whose islets express luciferase protein under the control of mouse insulin promoter (MIP-luc) provided us with the opportunity to visualize the viability of pancreatic islets. Utilizing BLI technology, we observed over-activation of pancreatic islets in DIO MIP-luc mice, compared with lean MIP-luc mice. Both restrictive and GI bypass significantly improved the over-activation of islet cells in DIO mice in 4 weeks, suggesting that the compensatory oversecretion of insulin associated with insulin resistance is rapidly reversed. However, beta cell over-activation was observed in sleeve-treated DIO mice at 8 weeks, whereas luciferase activity in mRYGB-treated DIO mice was still comparable to chow-fed lean mice. The results suggest that restrictive procedure ameliorates beta cell over-activation in the short term, and GI bypass improves beta cell function persistently, which is consistent with the improvement of glucose tolerance. Thus, GI bypass provides an approach for the reversal of insulin resistance and the regulation of beta cell activation.
It is increasingly recognized that obesity is characterized by the activation of an inflammatory process in metabolically active sites such as the liver and adipose. [38] [39] [40] Adipocyte hypertrophy induces the release of monocyte chemokines. The infiltrated macrophages, in turn, release inflammatory proteins causing further recruitment of macrophages to adipose tissue. NF-κB is a potent proinflammatory signal transduction molecule in innate and adaptive immune reactions. [41] [42] [43] NF-κB is activated in obesity and stimulation of IκB produces beneficial effects in the treatment of obesity and its comorbidities. 44, 45 Although NF-κB activation has been implicated in T2DM, the visualization of NF-κB activation in DIO mice is lacking. Our results show that NF-κB activation is upregulated in the abdomen of DIO mice, compared with lean mice. Surgical procedures further stimulate elevated NF-κB activation, which is decreased 1 week after bariatric surgery. This observation could be important in formulating strategies for the evaluation of NF-κB activation in obesity-related T2DM and bariatric surgery.
Malabsorption causes nutritional deficiencies after bariatric surgery. The deficiencies includes macronutrients, such as protein deficiency, and micronutrients, such as vitamins and trace elements. 46 Both mRYGB and BPD produce more severe malnutrition than gastric banding and sleeve procedures, as evidenced by anemia, hair loss and severe weight loss 1 month after surgery. The deficiency of iron, vitamin B12 and other micronutrients, such as copper, vitamins A and E and zinc, may contribute to bariatric surgery-induced malnutrition and anemia. 47 We have chosen the mouse for these studies based on the following reasons: (i) to date the only animal species in which obesity and the obesity related pathologies can be induced and consistently reproduced are rodents, particularly mice; (ii) gene transfected and knockout mice are currently available that provide us with unique opportunities to test the diverse mechanisms of bariatric surgery on metabolism, neural regulation, endocrine function and immunological effects. However, we know that obesity and diabetes result from a combination of genetic mutants and environmental factors. Neither beta-cell depletion nor frank diabetes was observed in DIO mice; therefore, genetic mutants should be included, which is under investigation.
In conclusion, we have developed mouse bariatric surgery models that can be utilized to address the effects of bariatric surgery on the treatment of obesity and T2DM. Sleeve gastrectomy and mRYGB represent reliable restrictive and GI bypass procedures, respectively, in mice. Both procedures produce positive effects on obesity and insulin resistance in the short term; but mRYGB improves metabolism in the long term. These procedures can provide significant information about the mechanisms associated with the effects of surgical intervention on obesity and its comorbidities.
